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ABSTRACT 
Organic thin film transistors (OTFTs) based on single crystalline thin films of organic semiconductors have seen 
considerable development in the recent years. The most successful method for the fabrication of single crystalline films 
are solution-based meniscus guided coating techniques such as dip-coating, solution shearing or zone casting. These up-
scalable methods enable rapid and efficient film formation without additional processing steps. The single-crystalline 
film quality is strongly dependent on solvent choice, substrate temperature and coating speed. So far, however, process 
optimization has been conducted by trial and error methods, involving, for example, the variation of coating speeds over 
several orders of magnitude. Through a systematic study of solvent phase change dynamics in the meniscus region, we 
develop a theoretical framework that links the optimal coating speed to the solvent choice and the substrate temperature. 
In this way, we can accurately predict an optimal processing window, enabling fast process optimization. Our approach 
is verified through systematic OTFT fabrication based on films grown with different semiconductors, solvents and 
substrate temperatures. The use of best predicted coating speeds delivers state of the art devices. In the case of C8BTBT, 
OTFTs show well-behaved characteristics with mobilities up to 7 cm2/Vs and onset voltages close to 0 V. Our approach 
also explains well optimal recipes published in the literature. This route considerably accelerates parameter screening for 
all meniscus guided coating techniques and unveils the physics of single crystalline film formation.  
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1. INTRODUCTION 
Organic thin film transistors are promising candidates for low-cost, large-area electronic applications on flexible 
substrates1–3. The latest generation of organic semiconductors already achieves mobilities surpassing those of amorphous 
silicon thin film transistors (TFTs), which are commonly used in today’s flat panel displays3–5. Due to their ability to 
realize efficient charge transport and thereby achieve high performance, single-crystalline thin films are the ultimate 
morphology for the semiconductor layer6–9. The most advanced techniques to fabricate crystalline thin films on 
amorphous dielectric substrates are solution-based meniscus guided coating (MGC) techniques, such as zone casting10–14, 
dip- coating15,16, solution shearing17–20, hollow pen writing9 or modified edge casting21. They all rely on a unidirectional 
motion of a drop of solution relative to the substrate. 
 In MGC techniques, the coating speed, substrate temperature and solvent choice has a large influence on the 
film morphology and hence on the electrical characteristics14,16,22,23. Previous studies have already shown that there exists 
an optimized processing speed for different combinations of solvent and substrate temperature13–16. This process window 
is, however, typically determined by a trial and error method, involving the variation of the coating speed over several 
orders of magnitude. Hence these studies are very specific to a given set of solvent choice and substrate temperature. 
Changing the solvent and/or the substrate temperature requires another trial and error approach to redefine the optimum 
processing window. To speed up process optimization and enable an easy transfer to different material systems and 
coating techniques, a model that predicts the process window is therefore highly desirable. 
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 Here we develop a simple but versatile model that can accurately predict the process window for MGC 
techniques working in the evaporative (slow coating speeds) regime24. We first use edge casting experiments to measure 
the evaporation speed of menisci of common pure organic solvents at various temperatures. These evaporation speeds 
predict the coating speed for each solvent-temperature combination. Next, we develop a theoretical framework that 
captures the edge-casting results14. This model accurately predicts the coating speed for almost any solvent and substrate 
temperature combination. We show that this model explains well optimal recipes published in the literature that were 
developed through trial and error approaches. Finally, the predictive power of the model is validated through the 
fabrication of single crystalline films of 2,7-Dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) using the zone-
casting method. Devices based on these films present state of the art results with mobilities surpassing 7 cm2/Vs when 
the active layer is grown at the best predicted coating speed. 
 
2. EXPERIMENTAL PROCEDURE 
2.1 Materials  
We used highly doped silicon wafers with a 125 nm thick thermally grown SiO2 layer as substrates. This provided the 
common gate and dielectric stack for the OTFT devices. The substrates were treated with a self-assembled monolayer 
(trichloro(phenethyl)silane; PETS) to increase the wettability of the solutions on the substrate. All solvents as well as 
PETS were purchased from Sigma Aldrich and were used as received. We used the commercially available 
semiconductor C8-BTBT (supplied by Nippon Kayaku Co.) for film fabrication. Solutions were prepared in different 
solvents with a concentration of 0.25 wt%. 
2.2 Experimental setup 
We performed zone-casting experiments on a homebuilt slot-die coater (Fig. 1A) similar to the system used by Tracz and 
Pisula10,11. The slot-die coater head is fixed at a distance of 250 μm above the substrate. After injecting the initial 
solution to form an initial drop between the zone casting blade and the substrate, the meniscus shape was maintained by 
an automated solution supply. The substrate is translated by a stepper motor at speeds ranging from few μm/s to several 
hundred μm/s. The use of small translation speeds result in negligible shearing forces and therefore the contact angle can 
be considered to be static, resulting in a similar meniscus shape for different speeds. 
 Edge casting experiments were conducted in a similar fashion as previously described by Uemura et al.25 on a 
sample kept in a horizontal position (Fig. 1B). This experiment was used to measure the evaporation times of pure 
solvents. We used a Dino-Lite microscope to record videos of the receding meniscus. The receding times over known 
distances were used to calculate the receding speeds for the solvents at various temperatures. 
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Figure 1: Experimental setup. Schematic representation of (A) the zone casting setup and (B) the edge casting experiment. 
Yellow arrows indicate the relative movement of the meniscus with respect to the substrate, indicating the similarity 
between the setups. Although the curvature of the drop is opposite between the two setups, the contact angle at the tip of the 
meniscus remains the same for identical solution, substrate and temperature14. 
Proc. of SPIE Vol. 9943  99430X-2
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/18/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
 
 
 
 
2.3 Film characterization 
Film morphology was characterized by AFM studies using a Bruker dimension edge AFM tool and polarized optical 
light microscopy (PLM) using an Olympus AX70 microscope. The PLM images are typically used to check long-range 
crystal orientation, while the AFM studies give further insight in the microscopic film morphology. 
 The most probable final application for these films is the fabrication of circuits based on many transistors. 
Hence we fabricated OTFTs in order to assess the electrical quality of our films and compare different processing 
parameters. Au contacts were vacuum evaporated through a shadow mask to form source and drain contacts. The 
channel length and width were 240 μm and 1900 μm, respectively. The dimensions defined by the electrode were used as 
the effective transistor channel dimensions for result analysis. Any reduction of the real channel width by void formation 
or ribbon-like growth in the films was not accounted for. To ensure proper electrical behavior, the samples were 
subsequently annealed for 40 hours in a glovebox filled with nitrogen. Measurements were performed using an Agilent 
Agt1500 in dry air. Field-effect mobilities were evaluated in the saturation regime by conventional transconductance 
analysis. The proper functioning of circuits requires high performance and low spread of the TFT characteristics. 
Therefore, we fabricated a total of 50 OTFTs for each condition and compared their average mobilities as a means to 
assess film quality. 
3. RESULTS AND DISCUSSION 
3.1 Optimization using the conventional trial and error method 
We prepared single crystalline layers by a zone-casting method similar to the designs by Tracz and Pisula10,11. We used 
the organic semiconductor C8-BTBT in heptane, as this combination has shown to give high mobility devices with band-
like transport using edge casting for film formation25–27. In order to find the optimal processing speed, we initially 
performed the typical trial and error method typically seen in literature13,15,16. We fabricated films at coating speeds 
varying over an order of magnitude, ranging from 12.5 μm/s up to 125 μm/s. 
.
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Figure 2: Optimization by the conventional trial and error method. PLM images of zone-casted C8-BTBT films at 
speeds of 12.5 μm/s (A), 25 μm/s (B), 75 μm/s (C) and 125 μm/s (D) in heptane at room temperature. The white arrow 
indicates the direction of coating and is the same for all the images. (E) Effective hole mobility as a function of coating 
speed14. 
 We used PLM to study the film morphology of the films formed at different coating speeds (Fig. 1A-D). In all 
cases, PLM reveals thin films with mm-sized single crystalline domains that are elongated along the translation direction. 
All images were taken with the same light exposure, hence darker images correspond to thinner films. Therefore it is 
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evident, that increasing coating speeds thins down the crystalline layers. AFM analysis confirmed this, as the thickness 
decreased from ~30nm at the slowest speed to around 5nm at the fastest coating speed. Furthermore the AFM study 
revealed, that the films actually grow in a ribbon-like fashion as was observed for different semiconductors beforehand13–
16. The two slowest speeds result in well-interconnected ribbons that grow parallel to the coating direction. At larger 
coating speeds, these ribbons tend to narrow down and eventually form discontinuous islands. Hence there seems to be 
an optimum processing window at rather slow processing speeds. 
 Next, we fabricated OTFT arrays on top of these layers. For comparison reasons, we accounted for device 
spread by averaging the extracted mobility values over 50 different devices. The evolution of the electrical performance 
with coating speeds coincides well with the observation from the morphology analyses (Fig. 1E). Lower coating speeds 
result in the best performance, while higher coating speeds give orders of magnitude lower mobilities. Hence, as can be 
expected, thin and poorly connected ribbons or islands in the single crystalline domains result in only very few 
conductive paths and therefore low electrical performance. Moreover it can be seen, that the effective mobility values at 
the slowest tested speed (12.5 μm/s) show the highest statistical spread. One likely reason is the larger height deviation 
within the layer and therefore larger contact resistance variation. Moreover, at the slowest speed, aggregates are scattered 
all over the sample, as can be seen in the top right corner of Fig. 1A. These originate from precipitation of crystallites in 
the solution at slow speeds. Likely, the solvent is evaporating faster than the substrate is moving and the supply of 
solution is adapted to compensate this loss. This leads to a rise in organic solute concentration in the solution, especially 
in the meniscus region where evaporation is the strongest. Once the supersaturation point is reached, homogeneous 
nucleation and thereby crystal growth take place directly in the solution. These crystallites then deposit randomly over 
the whole sample. Therefore, we assume that the optimal processing window for heptane at room temperature is around 
25 μm/s. 
3.2 Edge casting experiments as a means to find the optimal processing speeds 
It is well known, that the growth of a single crystalline thin film by a MGC technique results from is a complex physical 
process involving various different parameters. Especially the semiconductor, solvent, temperature and coating speed 
have a major influence on electrical characteristics of the thin films13,14,16,22,23. Nevertheless, previous studies have shown 
that there exist clear processing windows for the coating speed which are largely dependent on the solvent and 
temperature used13–16. Finding this processing window for different solvent-temperature combinations is typically done 
by a trial and error approach. However, as shown in the previous section, it is very time- and resource-consuming to 
fabricate OTFT devices for each combination of substrate temperature and solvent choice. Hence, we propose in this 
work a different, predictive approach. 
 
Figure 3: Edge casting results to determine processing speeds for common solvents and temperatures. Meniscus front 
evaporation speed of five pure solvents during an edge casting experiment at four different substrate temperatures. 
 MGC techniques rely on the unidirectional displacement of a solution drop across the surface of a substrate. The 
meniscus at the receding front is a region where the solvent readily evaporates. This results in the precipitation of the 
organic molecules which attach to the crystalline front already formed in the dried region. The edge casting method is a 
simple form of MGC where the unidirectional movement of the meniscus is solely governed by evaporation. Even 
though this technique is not optimal for large area coatings due to the limited area covered and the large transient 
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regions, this method uses no shearing forces and the freely moving meniscus front recedes at an equilibrium speed across 
the substrate that is only decided by evaporation dynamics. Measuring this speed enables a prediction of the optimal 
processing speed for other, more complex, MGC techniques due to their inherent similarities. 
 The receding speed of the meniscus front is mainly governed by the solvent and substrate temperature used. 
Even though the organic solute can have an influence on film morphology and electrical characteristics of the crystalline 
layer, it has been shown beforehand that, for a given solvent and temperature combination, the organic semiconductor 
only has a negligibly influence on the optimal processing speed14,16. Moreover the concentration of the solute in solution 
is typically in the order of 1 wt% or less. We therefore use the edge-casting of pure solvents to measure the receding 
speed of the meniscus. We show afterwards that this value provides a valid estimate for the optimal coating speed.  
 We measured the receding speeds of five different solvents at substrate temperatures of 20°C, 40°C, 60°C and 
80°C (Fig. 3). As can be expected, rising substrate temperatures lead to faster receding speeds. This trend is visible for 
all the solvents tested. Furthermore higher boiling point solvents lead to slower evaporation rates, as the inter-molecular 
forces are stronger and hence the molecules are less likely to evaporate. We show next how these raw results can be 
interpolated and generalized to many solvents and substrate temperatures.  
3.3 Developing a model to predict the optimal processing speeds 
Even though the receding meniscus speeds measured in Fig. 3 could be directly exploited to speed up process 
optimization, it still requires an experiment for every combination of solvent and substrate temperature. Hence, a model 
that predicts the processing conditions for any combination of substrate temperature and solvent is desirable. When 
analyzing the data in Fig. 3, it becomes apparent that there is an exponential relationship between the evaporation speed 
of the meniscus and the temperature at the substrate (Fig. 4A). This temperature dependence is principally due to the 
activation energy needed for the solvent to evaporate, as described by the Arrhenius equation. This simple relationship 
allows the extraction of the evaporation speed and hence the optimal coating speed for the MGC technique at any 
temperature for all the solvents used in the edge casting experiment. 
(C)(B)(A)
 
Figure 4: Edge casting experiments to predict the optimal coating speeds for a broad temperature range and a wide 
array of solvents. (A) Meniscus front evaporation speed of five pure solvents during edge casting experiments as a function 
of substrate temperature. (B) Meniscus front evaporation speed of nine pure solvents during an edge casting experiment as a 
function of temperature percentage of the respective boiling point of the solvent. (C) Same data as in (B), but replotted to 
allow a fitting parameter extraction for the theoretical framework given in the text14. 
 Furthermore, the evaporation speed decreases with increasing boiling point. When normalizing the substrate 
temperature according to the respective boiling point of each solvent in Fig. 4B, we noticed a remarkable convergence of 
the data points along a single line. To check if this relationship between boiling point and evaporation speed is true for a 
broad range of substrate temperatures and solvents we performed edge casting experiments with nine different organic 
solvents with boiling points ranging from 40°C to 206°C. The edge casting experiments were performed at substrate 
temperatures ranging from 70% up to 97.5% relative to the respective boiling point of the solvents. As for the previous 
experiments, there is a remarkable convergence of most of the solvent curves when plotting the evaporation front speed 
as a function of T/Tb (Fig. 4B). The linear fit gives a good estimation of the evaporation speed for eight of the nine 
solvents with the measured values varying slightly around the fitted curve. However the fit always overestimates the 
evaporation speed for chloroform by about half an order of magnitude. Hence a model which takes more solvent 
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parameters into account than just the boiling point is required to accurately estimate the evaporation speed for any 
random choice of solvent and substrate temperature. 
 We have previously developed a physical model, taking into account the Clausius-Clapeyron relationship, the 
fluid dynamics of receding sessile drops, Trouton’s rule and standard thermodynamic equations assuming that all solvent 
vapors behave as ideal gasses14. This model only requires knowledge of the solvent boiling point Tb, the solvent density 
ρ and molar mass MM as well as the substrate temperature T in order to predict the pure solvent meniscus receding 
speed v14: 
 






T
T
T
MM
smv b5.10exp/1870 7.0

 . (1) 
 As can be seen in Fig. 4C, all solvent curves plotted according to the model show a remarkable convergence 
and Eq. 1 gives a good fit for all of the tested solvents with a R2 = 94%., In consequence, this model provides a good and 
generic estimation of the evaporation speed of pure solvent systems. It predicts meniscus receding speeds for a broad 
range of solvents and substrate temperatures, thereby providing an estimate for a successful processing window for the 
coating speed. 
 To verify this formula, we performed a COMSOL numerical simulation of the evaporation dynamics of a 
droplet of water in a two-dimensional edge casting geometry as depicted in the inset of Fig. 5A. We choose water as the 
evaporating liquid, as its characteristics are very well documented in literature. As seen in Fig. 5A we obtain a good 
match between our physical model in Eq. 1 and parameterized for water and the numerical calculations. 
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Figure 5: Verification of the predictive model by simulation and experimental results. (A) Velocity of the drying 
meniscus front as a function of T calculated by our model (red line) as well as by a COMSOL simulation (green squares). 
Inset shows the geometry of the edge casting model used in the numerical simulation. The color indicates the vapor 
concentration in the air surrounding the liquid meniscus. The arrows show the direction and intensity of the diffusive vapor 
flux away from the liquid14. (B) Comparison of the optimal coating speed predicted by our model with experimental results 
in literature9,13–17,21,28. 
 Furthermore we compare our predicted speeds with experimental coating speeds in the literature, with the 
speeds optimized by a trial and error method. In the investigated papers we find a very good match between the reported 
coating speeds and the speeds predicted by our model. When normalizing the coating speed (vn = vExperiment / vModel) we 
find that the best reported coating speeds in literature are always close to the predicted speed of our model. We looked at 
five different MGC techniques, seven different solvent systems, as well as six different organic semiconductors in a total 
of eight different papers9,13–17,21,28. The wide variety of MGC techniques, solvents and semiconductors employed in these 
studies show the broad applicability of our model to possibly any MGC technique and any semiconductor-solvent 
system. Notably, we would like to mention, that Rogowski et al. are using solvent blends for their coating15. Therefore, 
this model can possibly also be applied to mixed solvent systems, however further verification would be needed to be 
certain. Moreover Schuettfort et al. grows thin polymer films at the coating speed as predicted by our model28. Hence 
MGC techniques and also our model can likely be employed for other a broad range of material systems as well. Besides, 
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we should note that in some of the works examined in Fig. 5B, the deviation of experimental speeds from our predicted 
speeds is likely due to the large steps in the trial and error approach. Smaller step sizes could potentially lead to smaller 
deviations from the predicted speed and hence to possibly enhanced electrical performance. Lastly, we would like to 
point out, that the optimal coating speed for heptane at room temperature as predicted by our model is 24.7μm/s, which 
is very close to the optimal conditions we found with the trial and error method in Fig. 1B. Hence, we believe that our 
model can successfully replace the trial and error method currently employed in literature and help experimentalist to 
quickly find the optimum processing speed. 
3.4 Optimization using our predictive formula 
We prepared single crystalline layers of the organic semiconductor C8-BTBT with a zone-casting method similar to the 
setup by Tracz and Pisula10,11. The different thermal expansion coefficient between the silicon oxide dielectric and the 
C8-BTBT active layer has shown to lead to crack formation at high substrate temperatures29. Moreover C8-BTBT has a 
phase transition temperature of around 100°C29,30. Hence we limited the substrate temperature range to a maximum of 
70°C. In order to still ensure reasonable coating speeds, this constrained us to the use of low boiling point solvents only. 
 In the optimization of the zone-casting of C8-BTBT films, one is typically moving across a three dimensional 
parameter space with the solvent, the substrate temperature and the coating speed as axes. Here, we used the model 
presented in this paper to systematically predict the coating speed for each of the 11 solvent-temperature combinations. 
We thereby completely remove one of the axes and are left with a much smaller two dimensional parameter space to 
explore. The electrical quality of the films were evaluated by comparing the averaged characteristics of 50 OTFTs 
fabricated on each of these layers. As can be seen in Table 1, for each solvent used in this study there exists an optimum 
substrate temperature. The evolution of the electrical performance with temperature can be non-monotonous, as in the 
case of heptane. This is likely linked to the complex effects of the substrate temperature on the dynamics on film growth, 
which is beyond the scope of this study. 
Table 1: Fast parameter screening for OTFT optimization with predictive model. OTFT characteristics of C8-BTBT 
single-crystalline films prepared with different solvents and substrate temperatures. Each sample is prepared at the best 
predicted coating speed, enabling fast parameter screening. Device characteristics are averaged over 50 devices on a 
single sample. 
Solvent Substrate 
temperature 
Coating 
speed 
Device characteristics 
μeff (cm2/Vs) Von (V) Vth (V) SS (V/dec) 
Hexane 20°C 65 μm/s 3.2±0.4 -4.8±1.4 -13.4±1.6 1.3±0.3 
 30°C 99 μm/s 0.3±0.2 -3.2±0.6 -10.4±1.7 1.2±0.4 
 50°C 216 μm/s 1E-3±5E-4 -8.0±2.5 -12.4±1.9 3.4±1.5 
Heptane 20°C 25 μm/s 3.0±0.4 -4.3±1.1 -12.3±1.3 0.9±0.3 
 30°C 39 μm/s 1.1±0.5 -6.3±1.3 -12.3±1.8 0.6±0.2 
 50°C 91 μm/s 4.7±0.9 -5.2±1.1 -11.4±1.3 0.4±0.2 
 70°C 192 μm/s 2.0±1.2 -6.2±1.3 -11.5±1.5 0.6±0.2 
Toluene 20°C 11 μm/s 1.5±0.6 -8.6±1.4 -16.6±2.5 1.3±0.4 
 30°C 18 μm/s 4.5±0.8 -6.8±1.4 -16.6±1.8 1.1±0.4 
 50°C 43 μm/s 1.5±0.4 -5.7±1.6 -14.0±3.6 1.3±0.4 
 70°C 93 μm/s 1.1±0.3 -5.2±1.0 -11.0±2.1 1.3±0.3 
 
 The fabrication of C8-BTBT thin films with heptane at a substrate temperature of 50°C yielded the highest 
electrical performance. The electrical characteristics depicted in Fig. 6 are well behaved, with a small hysteresis, a high 
on/off ratio, a low subthreshold slope, and low onset and threshold voltages. We achieved maximum mobilities 
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surpassing 7 cm2/Vs with average mobilities of 4.7±0.9 cm2/Vs over 50 devices. Notably, the mobility is stable over a 
broad Vg range, indicating a good semiconductor/dielectric interface and no adverse effects from non-linear contact 
resistances31,32. The electrical characteristics are well within the values reported in literature for C8-BTBT. Hence our 
model enables a fast parameter screening for the fabrication of any solution processable semiconductor which will yield 
state of the art electrical results. 
(E)(D)
(C)(B)(A)
 
Figure 6: Electrical characteristics of optimized devices. Samples were prepared from a 0.25 wt% C8-BTBT solution in 
heptane, zone cast at 50°C at the predicted optimum speed of 91 μm/s. Channel width and length are 1900 μm and 240 μm, 
respectively. (A) and (B) Transfer and output characteristics14. (C) Extracted effective mobility as a function of applied gate 
voltage14. (D) and (E) Statistical variation of effective mobility and threshold voltage of 50 OTFTs measured on the same 
sample. 
4. CONCLUSION 
In this work, we develop and validate a predictive model for the optimal coating speed of meniscus guided coating 
techniques. Our model is further validated by numerical simulations and several results from literature. It can be 
employed for various fabrication techniques that employ meniscus translation, with virtually any solution processable 
semiconductor over a wide temperature range and for a broad variety of solvents. Finally, we performed a parameter 
screening using speeds predicted by this model. This fast and easy optimization route leads to state of the art electrical 
results, clearly outperforming the current trial and error approach in terms of optimization speed. Hence, our approach 
greatly facilitates process optimization as it completely removes one important axis from the parameter space to explore. 
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